A novel death-specific gene, ScDSP, was obtained from a death stage subtraction cDNA library of the diatom Skeletonema costatum. The full length of ScDSP cDNA was 921 bp in length, containing a 699-bp open reading frame encoding 232 amino acids and two stretches of 66 and 156 bp in the 5 and 3 untranslated regions, respectively. Analysis of the peptide structure revealed that ScDSP contained a signal peptide domain, a transmembrane domain, and a pair of EF-hand motifs. When S. costatum grew exponentially at a rate of 1.3 day ؊1 , the ScDSP mRNA level was at 2 mol ⅐ mole 18S rRNA ؊1 . In contrast, when the culture entered the death phase with a growth rate decreasing to 0.5 day ؊1 , ScDSP mRNA increased dramatically to 668 mol ⅐ mole 18S rRNA ؊1 , and a high degree of DNA fragmentation was simultaneously observed. Under the influence of a light-dark cycle, ScDSP expression in both exponential and stationary phases clearly showed a diel rhythm, but the daily mean mRNA level was significantly higher in the stationary phase. Our results suggest that ScDSP may play a role in the molecular mechanism of self-destructive autolysis in phytoplankton under stress.
Events of mass cell loss usually occur after algal blooms. In addition to physical damage, such as sedimentation or herbivore grazing, the self-destructive lysis of stressed cells is also considered to be a main cause for the decline of phytoplankton blooms (6, 12) . Brussaard et al. (6) first used esterase activity to demonstrate that the self-destructive lysis of cells was the major loss factor accounting for 75% of the decline of a Phaeocystis bloom. Dissolved organic material released by lysed phytoplankton is subsequently utilized by heterotrophic bacteria and enters the microbial loop to support regenerated production in marine ecosystems (1, 3, 6) . Such massive autolysis of phytoplanktonic cells is usually triggered by external stress factors such as nutrient starvation (4), light limitation (4, 39) , and pathogenic virus infection (15) . Nevertheless, the molecular regulatory mechanisms involved in cell lysis have seldom been investigated in algal cells.
Several genes are known to have a close association with self-destructive lysis in unicellular organisms. When the budding yeast Saccharomyces cerevisiae enters the stationary phase, a series of genes, including doa4, ctt1, ppn1, sod1, sod2, and so on, are expressed to maintain intracellular homeostasis, and a deficiency in any of these gene functions can cause the loss of viability (14, 16) . Additionally, apoptosis-like death has also been observed in aging yeast cells. The cause of this event is considered to be facilitated by a novel metacaspase encoded by yca1 (19, 30) . In phytoplankton, increasing numbers of studies have pointed out that light limitation, nutrient starvation, or the accumulation of reactive oxygen species can induce an apoptosis-like syndrome, such as cell shrinkage, blebbing, chromatin condensation, and the formation of nuclear DNA fragmentation. Through biochemical and immunological assays, these morphological characteristics of apoptosis-like cell death have been suggested to be driven by a set of caspase-like proteases (4, 39) . Furthermore, self-destructive lysis triggered by a group of unknown cellular death-related executors is considered to be a possible factor in the process of bloom decline (23, 41) .
The absence of knowledge about death-specific genes renders it difficult to elucidate the mechanism of self-destructive lysis in phytoplankton. In this report, gene expression profiles between the exponential and death phases in a diatom, Skeletonema costatum, were compared using the subtraction hybridization technique and a quantitative reverse transcription-PCR assay (Q-RT-PCR). A novel gene, ScDSP, encoding a calcium-regulated protein was obtained from the death-phasespecific subtraction cDNA library, and mRNA abundance in various growth phases was confirmed. Our study not only provides a new way to study the regulatory mechanisms of cell death but also offers a possibility of using ScDSP as a molecular indicator to monitor the growth situation of eukaryotic phytoplankton in marine environmental research.
MATERIALS AND METHODS
Culture conditions. A unialgal culture of Skeletonema costatum strain Kao was grown in sterilized f/2-enriched seawater medium at 20°C under continuous illumination with irradiance at 145 E m Ϫ2 s Ϫ1 (17, 21) . Additionally, to avoid contamination by bacteria, penicillin and streptomycin (Invitrogen) were added to the medium at final concentrations of 100 U ml Ϫ1 and 100 g ml Ϫ1 , respectively. The cell concentration and morphology were monitored by placing 1 ml of algal culture into a Sedgwick-Rafter counting chamber (Hausser Scientific Partnership), and the cells were examined with a light microscope (BX60; Olympus) at a magnification of ϫ100 (18) . Estimation of population growth rates, (day Ϫ1 ), was based on the standard equation for exponential growth: t ϩ 1 ϭ (1/day)ln(N t ϩ 1 /N t ), where N t and N t ϩ 1 are the cell concentrations (cells per milliliter) at day t and t ϩ 1 after inoculation (18) . Cells harvested from day 3 (rapid growth [RG] stage) and day 8 (death stage [DS] ) were used in the genomic DNA integrity assay and for suppression subtractive hybridization.
In subsequent experiments concerning mRNA expression, S. costatum was raised in the same growth conditions. However, three-quarters of the volume of the RG stage culture was removed daily and replaced by fresh f/2 medium to maintain exponential growth. On day 3 after inoculation, the daily addition of fresh medium was stopped, and the population growth rate was allowed to gradually decrease. During the culture period, cells with various growth rates were sampled for further analysis.
For the assay of ScDSP diel expression, two cultures were raised under the influence of a light-dark cycle of 12 h of light and 12 h of darkness. One culture was sampled for 33 h during its exponential phase, with sampling intervals of 3 h, and the other was sampled similarly during its late stationary phase. Sampling volumes were adjusted to ensure that different samples contained equal amounts of cells.
Total RNA extraction. Approximately 10 7 cells were collected by filtration using a 2-m-pore-size polycarbonate membrane (Nuclepore), followed by resuspending the cell pellet in 0.7 ml guanidine isothiocyanate-containing buffer (RLT buffer; QIAGEN) containing 1% ␤-mercaptoethanol. After disrupting the cells by sonication (Sonicator ultrasonic processor XL; Heat Systems-Ultrasonics, Inc.) on ice, total RNA was isolated using the silica membrane spin column included in the RNeasy Plant Mini kit (QIAGEN) according to the manufacturer's instructions. The isolated crude RNA was treated with DNase I (RNase free; Roche) at 37°C for 1 h to remove genomic DNA and was subsequently purified by acidic phenol (pH 4.0)-chloroform-isoamyl alcohol (25:24:1) extraction. The RNA concentration was determined by spectrophotometry (U-2000; Hitachi) at wavelengths of 260 and 280 nm.
Suppression subtractive hybridization. The suppression subtractive hybridization technique was applied to enrich the genes specifically expressed in the DS culture (9, 13) . The poly(A) ϩ RNA of both the RG and DS cultures was isolated from total RNA by a PolyATract mRNA isolation system (Promega). Two sets of the double-stranded cDNA fragments were generated and mutually subtracted using a PCR-selected cDNA subtraction kit (Clontech). Briefly, each set of double-stranded cDNA was digested with RsaI. Next, the RsaI-digested DS cDNA was diluted, divided into two parts, and ligated separately to either adaptor 1 or adaptor 2R. Subtractive hybridization was conducted by adding an excess amount of RG cDNA to adaptor 1-ligated DS cDNA, and the same procedure was repeated for the adaptor 2R-ligated DS cDNA. Subsequently, a second hybridization was performed by mixing the contents of the two reaction mixtures together with the addition of additional denatured RG cDNA. In this way, the cDNA fragments specific to the DS culture formed double-stranded cDNA with adaptor 1 on one end and adaptor 2R on the other. Finally, the DS-specific cDNA fragments were amplified by two rounds of PCR with the nested primer pairs embedded in adaptor 1 and adaptor 2R. The PCR products were then ligated into the pGEM-T vector (Promega) to generate the subtracted DS cDNA library for further screening. Similarly, RG-specific cDNA was generated by ligating adaptor 1 and adaptor 2R to cDNA from the RG culture in the process of subtractive hybridization.
All individual colonies of the subtracted DS cDNA library were blotted onto two identical nylon membranes (Perkin-Elmer). After prehybridization, one membrane was hybridized with the digoxigenin (DIG)-labeled RG-specific probe at 42°C overnight, and the other membrane was hybridized with the DIG-labeled DS-specific probe. The RG stage-and DS-specific probes were generated by PCR using the subtractive hybridization products as templates and amplified by the nested primer pair embedded in adaptor 1 and adaptor 2R. Subsequent washing was carried out in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS) and 0.1ϫ SSC-0.1% SDS at 60°C. Finally, CDP-Star (Tropix) was used for chemiluminescent detection.
Northern blot analysis. A quantity of 40 g denatured total RNA isolated from different growth stages was fractionated on a 0.7% agarose gel containing 1.2 M formaldehyde and transferred onto a nylon membrane (Perkin-Elmer) by the downward alkaline capillary transfer method described previously by Chomczynski (8) . Next, the membrane was prehybridized and hybridized with the gene-specific DIG-labeled antisense riboprobe at 65°C overnight. Subsequent washing was carried out with 2ϫ SSC-0.1% SDS and 0.5ϫ SSC-0.1% SDS at 65°C, and chemiluminescent detection was performed using CDP-Star (Tropix).
The plasmid DNA containing the ScDSP region fragment was linearized by appropriate restriction enzyme digestion (NcoI) and served as the template for antisense riboprobe synthesis with SP6 RNA polymerase (Roche) and DIG-11-UTP containing the nucleoside triphosphate mixture (Roche) .
DNA and amino acid sequence analysis. DNA sequence analysis was performed using an ABI Prism 377A DNA sequencer with the PRISM Ready Reaction BigDye Terminator cycle sequencing kit (Applied Biosystems). The nucleic acid and deduced amino acid sequences were analyzed using Lasergene software (DNASTAR). Both BLASTX and BLASTP algorithms from the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih .gov) were used for sequence analysis. The position of the putative poly(A) ϩ signal sequence was predicted using HCpolyA (http://www.itb.cnr.it/sun /webgene) (32) . Furthermore, the structures of deduced peptides were predicted using TopPred II (http://bioweb.Pasteur.fr/seqanal/interfaces/toppred.html) (11, 24, 42) , Pfam (http://www.sanger.ac.uk/cgi-bin/Pfam), and PSORT II (http: //psort.ims.u-tokyo.ac.jp) (20) .
Generation of full-length cDNA of ScDSP. The total RNA isolated from the transitional stage between the RG stage and the DS was used to extract poly(A) ϩ RNA by a PolyATract mRNA isolation system (Promega). Poly(A) ϩ RNA at 2 g was then applied to generate double-stranded cDNA fragments using the Universal RiboClone cDNA synthesis system (Promega). The primer used in the reverse transcription reaction was an oligo(dT)-NotI primer (5Ј-GCGAG CGGCC GCGAC CACGC GTATC GATGT CGACT TTTTT TTTTTTTTTT V-3Ј), where GCG GCC GC (in italics) is a NotI site and V represents A, G, or C. After fragments shorter than 500 bp were removed by a Sephacryl S-400 column (Promega), the cDNA fragments were ligated with the adaptor LL-Sal (LL-SalA, 5Ј-GTCAT CTATG TCGGG TGGTC GACAA GAGGT AATCC-3Ј; LL-SalB, 5Ј-pGGATT ACCTC TTGTC GACCA CCCGA CATAG AT-3Ј). The cDNA pool was amplified by PCR using a reaction mixture containing 3 mM MgCl 2 , 200 M deoxynucleoside triphosphate, 2.5 units of the long-range, high-fidelity LA Taq polymerase (TaKaRa), and 400 nM of the Sal anchor primer (5Ј-GTGGT CGACA AGAGG TAATC C-3Ј), which was embedded in the two LL-Sal adaptors (35) . The PCR conditions were set as follows: 94°C for 30 s for 1 cycle; 94°C for 30 s, 55°C for 30 s, and 68°C for 10 min for 35 cycles; and then 68°C for 30 min for 1 cycle. Finally, the LL-Sal adaptor ligated at the 3Ј end of the cDNA fragments was removed by NotI treatment.
The ScDSP fragment obtained from suppression subtractive hybridization was used to design specific primers so that the full-length cDNA could be amplified from the above-mentioned cDNA pool. The 5Ј-end unknown sequence of ScDSP was obtained by performing PCR screening on the cDNA pool using the primer Ske-DS#2-F (5Ј-CAAAC GCTGC CCATA AAGAA GG-3Ј) and the Sal anchor. Similarly, the 3Ј-end unknown sequence was obtained using the Ske-DS#2-R (5Ј-CGGAA GTGCC CACAA AGGAT TTG-3Ј) and oligo(dT) anchor (5Ј-GACCA CGCGT ATCGA TGTCG AC-3Ј) primers. After confirmation by Southern hybridization using the DIG-labeled ScDSP-specific probe, the PCR product was purified from an agarose gel using a Gene-Spin DNA extraction kit (Protech) and ligated into the pGEM-T vector (Promega). DNA sequencing and analysis were then performed as described above.
Real-time Q-RT-PCR. DNase I-treated total RNA (1 g) was reverse transcribed into the first-strand cDNA using random hexamers (Promega) and ImpromII reverse transcriptase (Promega) at 25°C for 10 min and 48°C for 1 h. Quantitative PCRs were initiated by adding the cDNA fragments into 1ϫ SYBR green PCR master mix (Applied Biosystems) containing 300 nM of the forward and reverse primers specifically designed for ScDSP. The reactions were then conducted in a GeneAmp 5700 sequence detection system (Applied Biosystems). PCR conditions were set to 95°C for 10 min for 1 cycle, 95°C for 15 s, and 60°C for 1 min for 40 cycles. The nucleotide sequence of primer pairs used in the Q-RT-PCR consisted of DS#2-SG-F (5Ј-GAACA AGCAA ACTGC ACTCG TC-3Ј) and DS#2-SG-R (5Ј-GTCAA GAATG TTGGT CGTCG CG-3Ј) for ScDSP. In addition, Ske-18S-F (5Ј-GAATT CCTAG ATATC GCAGT TCA TC-3Ј)and Ske-18S-R (5Ј-GCTAA TCCAC AATCT CGACT CCTC-3Ј) were used for 18S rRNA. The fluorescence intensity from the SYBR green/doublestranded PCR product complex was continuously monitored from cycles 1 to 40. The cycle threshold (C T ) at which the fluorescence intensity exceeded a preset threshold was used to calculate the target gene mRNA and 18S rRNA expression levels.
To properly present the gene expression data, the comparative C T method and the standard curve method were combined to calculate an RNA molar ratio between a target gene (X) and a reference gene (R). In our case, ScDSP mRNA and 18S rRNA were used as X and R, respectively. According to Livak and Schmittgen (28) , as PCRs reach their specific threshold cycle numbers,
where X T and R T are the numbers of target and reference molecules at their corresponding C T s, X 0 and R 0 are the initial numbers of target and reference molecules, E X and E R are amplification efficiencies of X and R, and C T,X and C T,R are the cycle threshold numbers of X and R, respectively. If the same
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threshold SYBR green fluorescence intensity is used for X and R, the target reaction tube at C T,X should have the same amount (weight) of PCR product as does the reference tube at C T,R , which can be expressed as follows:
where M R and M X are the molecular weights of the target and reference amplicons, respectively. As for the estimation of amplification efficiencies, E X and E R , standard curves are generated by creating a dilution series of the target and reference genes, and a linear relationship exists between C T and the logarithm of the initial concentration. The slope, b, of the standard curve thus represents the number of additional PCR cycles required to reach the threshold fluorescence intensity when the initial concentration is reduced by 10-fold. Since the amplification efficiency, E, is defined as the fraction of increase after a single PCR cycle, the relationship between E and b becomes as follows:
Substituting equations 2 and 3 back into equation 1 followed by the logarithmic transformation generates the following equation:
where b X and b R are the standard curve slopes of X and R, respectively. The specificity of the Q-RT-PCR was confirmed by performing a melting temperature analysis with the GeneAmp 5700 sequence detection system (Applied Biosystems) as the temperature rises from 65 to 95°C within 20 min and was also examined by electrophoresis on a 3% agarose gel containing 0.5ϫ Tris-boric acid-EDTA buffer. Genomic DNA extraction. Genomic DNA was obtained from S. costatum by extracting algal cells in lysis buffer (0.1 M EDTA [pH 8.0], 1 mM Tris-Cl [pH 8.0], 0.25% SDS, and 0.1 mg ml Ϫ1 proteinase K) overnight at 55°C with gentle shaking. Subsequently, cell debris and residual polysaccharide were removed by adding 1% hexadecyltrimethylammonium bromide (Sigma) followed by chloroform extraction and centrifugation. An additional round of phenolchloroform-isoamyl alcohol (25:24:1) extraction was conducted to elicit the protein contaminants (10) . Finally, the genomic DNA pellet precipitated by isopropanol was resuspended in Tris-EDTA buffer (pH 7.5), and its concentration was determined by spectrophotometry (U-2000; Hitachi) at wavelengths of 260 and 280 nm.
Genomic DNA integrity assay. Genomic DNA fragmentation was detected using the in situ terminal transferase-mediated dUTP nick end-labeling (TUNEL) technique. Cells were fixed with 4% (wt/vol) paraformaldehyde in phosphate-saline buffer (pH 7.5) at 4°C overnight and stored in methanol at Ϫ20°C before the labeling reaction was performed. About 10 7 fixed cells were adherent onto a polylysine-coated slide by centrifugation at 500 ϫ g for 10 min. After sequential rehydration through a series of 75%, 50%, and 25% (vol/vol) ethanol and phosphate-saline buffer (pH 7.5), cells were permeabilized with 0.1% (vol/vol) Triton X-100 in 0.1% (wt/vol) sodium citrate at room temperature for 30 min. Next, an in situ TUNEL reaction was performed in the labeling solution containing terminal deoxynucleotidyl transferase (TdT) and fluorescein-12-dUTP (with an in situ cell death detection kit; Roche). Slides were washed with phosphate-saline buffer (pH 7.5) several times and were then examined with an epifluorescent microscope (with excitation at 450 to 490 nm and emission at Ն515 nm) (Axioplan 2; Zeiss). The positive-control sample was treated with DNase I (10 units ml Ϫ1 ) (Roche) at 37°C for 15 min prior to the labeling reaction. For the negative-control sample, TdT was omitted from the labeling solution. The occurrence of genomic DNA fragmentation was also confirmed by electrophoresis on a 2% agarose gel containing 0.5ϫ Tris-boric acid-EDTA buffer.
Nucleotide sequence accession number. The nucleotide sequence of ScDSP has been deposited in the GenBank database under accession number AY962391.
RESULTS
After cells were inoculated in f/2 medium in the presence of antibiotics, the growth of Skeletonema costatum followed a classical logistic growth curve with the cell concentration increasing from 4.8 ϫ 10 4 cells ml on June 24, 2017 by guest http://aem.asm.org/ ml Ϫ1 on day 7 (Fig. 1) . The culture without antibiotics behaved similarly (data not shown). The population growth rate was at the highest level of 1.2 day Ϫ1 on day 2 (at the RG stage). In the RG stage, cells formed long chains with about 20 to 30 cells in each chain, and no dead cells were observed (Fig. 2a, b, and e) . Subsequently, the population growth rate steadily declined to 0 day Ϫ1 between days 2 and 7. On day 8 (at the DS), the cell number decreased dramatically from 1.5 ϫ 10 6 cells ml Ϫ1 to 2.1 ϫ 10 4 cells ml Ϫ1 . Along with aging of the culture, cell chains became shorter, and large amounts of dead empty cells were found in the culture (Fig. 2c, d, and f ). An in situ TUNEL analysis was conducted to determine the presence of nuclear DNA fragmentation which occurred in different growth stages of S. costatum. In the exponential growth stage, no positive signals were observed, apparently a result of the absence of DNA free ends that allow the incorporation of fluoresceinlabeled dUTP (Fig. 2b) . In contrast, when cells entered the late stationary phase, the green fluorescence began to appear in the nucleus (Fig. 2c) . After another 24 h had passed, most cells were empty and possessed no green fluorescence. For cells which still retained some cytoplasmic material, the green fluorescence signal had spread to the entire cell, obviously a result of nuclear disintegration (Fig. 2d) . As a positive control, when the DNA free ends were created by DNase I, cells in the exponential phase were readily labeled with green fluorescence (Fig. 2e) . Furthermore, genomic DNA fragmentation was also confirmed by DNA electrophoresis. When the population en- FIG. 3 . Skeletonema costatum DNA fragmentation assay on representative days during the culture period. Equal amounts of nuclear DNA extracted from the culture on days 2 (d2), 4 (d4), 5 (d5), and 6 (d6) after inoculation were separated by 2% agarose gel electrophoresis to assay the occurrence of nuclear DNA fragmentation. Arrows on the right indicate the positions of small DNA fragments. Lane M contains the molecular weight standard of DNA with increments of 100 bp.
FIG. 4. Nucleotide and deduced amino acid sequences of ScDSP from Skeletonema costatum. The start and stop codons are indicated by boxes. The poly(A)
ϩ signal located upstream of the poly(A) ϩ tail is shown in italics. The signal peptide domain is underlined, and the putative transmembrane domain is marked by double underlining. Two putative calcium-binding motifs (the EF-hand domains) are shown in boldface type. The size of this full-length sequence matches that revealed by the Northern blot analysis (Fig. 7) . Numbers on the right indicate the nucleotide and amino acid positions. The GenBank accession number is AY962391.
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on June 24, 2017 by guest http://aem.asm.org/ tered the stationary phase (day 6), small DNA fragments ranging from 200 to 400 bp in size were clearly seen after 2% agarose gel electrophoresis (Fig. 3) . After the DS-related gene fragments were enriched by suppression subtraction hybridization, 58 death-related cDNA fragments were obtained. With the completion of nucleotide sequence analysis, we discovered that 16 of the 58 death-related fragments shared the same nucleotide sequence, implying that the expression of this gene was greatly enhanced in aged S. costatum. For this reason, one of the 16 identical fragments, DS#2, was chosen for further analysis. The mRNA level of DS#2 in the DS was 430-fold higher than that in the RG stage. Based on the known sequence of DS#2, the fulllength DS#2 cDNA of 921 bp in length was obtained from a transitional-stage cDNA library using a modified method for rapid amplification of cDNA ends (Fig. 4) . Furthermore, the DNA sequence in the coding region was confirmed by reverse transcription-PCR amplification using high-fidelity DNA polymerase (Advantage cDNA polymerase mixture; Clontech) with primers located at the amino acid positions 1 to 8 and 225 to 232. The full-length DS#2 contained a 699-bp open reading frame encoding 232 amino acids and two stretches of 66 and 156 bp in length for the 5Ј and the 3Ј untranslated regions, respectively. In the 3Ј untranslated region, a putative poly(A) ϩ signal sequence (AATTAA) was found at Ϫ38 bp upstream of the poly(A) ϩ tail. A signal peptide domain was located at amino acid positions 1 to 21. Based on a TopPredII prediction, the region at amino acid positions 62 to 82 was a transmembrane domain due to its hydrophobic property. Additionally, a pair of EF-hand motifs for calcium ion binding was identified at the amino acid positions 148 to 175 and 185 to 212, respectively (Fig. 4) . According to the mRNA expression levels, the protein secondary structure, and motif analysis, DS#2 cDNA should encode a novel calcium-regulated and membrane-associated protein in S. costatum and was named ScDSP (deathspecific protein in S. costatum).
In the Q-RT-PCR analysis, standard curves were generated to calibrate the PCR efficiency for ScDSP and 18S rRNA. The threshold cycles (C T ) of these two genes were linearly correlated to the logarithms of quantities of total RNA in the serially diluted standard solution (r 2 ϭ 0.99; P Ͻ 0.01). Slopes of the standard curves were Ϫ3.16 for ScDSP and Ϫ3.38 for 18S rRNA, respectively, and both were close to the theoretical value of Ϫ3.32 (Fig. 5) . However, the difference between the slopes was too large to use the ⌬⌬C T method, and therefore, equation 4 was used to express the Q-RT-PCR results.
Daily dilution was an effective method for maintaining the culture of S. costatum at the exponential phase with high growth rates ranging from 1.0 to 1.6 day Ϫ1 . Cells readily grew back to a high level of 3.4 ϫ 10 5 cells ml Ϫ1 within 24 h of the dilution. When the daily replenishment of fresh medium was terminated on day 3, the culture gradually entered the stationary phase with declining growth rates (Fig. 6a) . In this culture, the ScDSP mRNA levels quantified by Q-RT-PCR stayed at a low level of between 2.1 to 4.5 mol ⅐ mole 18S rRNA Ϫ1 when cells grew exponentially (Fig. 6b) . After day 3, the ScDSP mRNA level dramatically increased with the culture's age. On day 9, a decrease in the cell concentration was observed, and the ScDSP mRNA level reached the highest level at 668 mol ⅐ mole 18S rRNA Ϫ1 (Fig. 6b) . This pattern of ScDSP expression was further confirmed by Northern blot analysis. On the Northern blot, a single band appeared near the 1.35-kb marker on day 4.9 ( Fig. 7) . The signal densities showed an obvious increase starting from day 4.9, and the pattern of increase coincided with the trend detected by the Q-RT-PCR analysis. The time course of ScDSP expression was repeated with a separate algal culture, and the same trend was observed. On a logarithmic scale, the ScDSP mRNA concentrations in two independent time course experiments showed a highly significant linear relationship with population growth rates (r 2 ϭ 0.76; P Ͻ 0.01) (Fig. 8) . As expected, the slope of the regression line was negative. Diel variations in ScDSP mRNA expression levels in the exponential and late stationary growth phases were investigated by growing S. costatum under a light-dark cycle of 12 h of light and 12 h of darkness. During the 33-h sampling period, cell numbers in the exponentially growing culture increased from 1.2 ϫ 10 5 to 3.6 ϫ 10 5 cells ml Ϫ1 with a growth rate of 0.68 day Ϫ1 . In contrast, cell numbers in the late-stationaryphase culture decreased from 1.9 ϫ 10 5 to 1.0 ϫ 10 5 cells ml
Ϫ1
with a negative growth rate of Ϫ0.39 day Ϫ1 (Fig. 9a) . A similar diel variation in the ScDSP mRNA expression level was observed in both the exponential-phase and late-stationary-phase cultures. After the onset of the light period, ScDSP mRNA levels instantly increased and reached a maximum at the midpoint of the light period. This high expression level was maintained until the end of the light period. After that, the ScDSP mRNA abundance gradually decreased in the dark period. At the end of the dark period, the ScDSP mRNA level reached its daily lowest value of 0.15 mole ⅐ mole 18S rRNA Ϫ1 in the exponential phase or 17.53 mole ⅐ mole 18S rRNA Ϫ1 in the late stationary phase. Regardless of whether the cell population was in the exponential or late stationary phase, ScDSP mRNA levels in the light period were always 10-to 100-fold higher than those in the dark period (Fig. 9b) . However, although a diel oscillation was always present, the ScDSP gene was still more actively expressed in the late stationary phase. For example, the maximum ScDSP mRNA abundance was 33.5 mole ⅐ mole 18S rRNA Ϫ1 in the exponential phase, but it reached 190 mole ⅐ mole 18S rRNA Ϫ1 at the same time point in the late stationary phase (Fig. 9b) . On average, the 33-h mean mRNA abundance was 6.1 mole ⅐ mole 18S rRNA Ϫ1 in the exponential phase but was 156.7 mole ⅐ mole 18S rRNA Ϫ1 in the late stationary phase, an increase of about 30-fold ( Fig. 8 and 9 ). Interestingly, when the exponentially growing cells entered the second light-dark cycle during the sampling period, ScDSP mRNA reached a level of 33.5 mole ⅐ mole 18S rRNA Ϫ1 , much higher than the maximum in the first light-dark cycle (Fig. 9b) .
DISCUSSION
In the real-time Q-RT-PCR, the 2 Ϫ⌬⌬CT method is a simple way to describe the relative changes among target gene mRNA levels under different physiological treatments (28, 38, 43) . However, this method requires that the amplification efficiencies of the target and reference genes are approximately equal. In our study, although the standard curve slopes of ScDSP (Ϫ3.16) and 18S rRNA (Ϫ3.38) were close to the theoretical value of Ϫ3.32, a statistical comparison indicated that the amplification efficiencies of the ScDSP and 18S rRNA primer pairs were not close enough to satisfy the assumption of the 2 Ϫ⌬⌬CT method (28) . Moreover, the use of an arbitrary calibrator sometimes makes it difficult to compare results from different batches of an experiment. In order to resolve these problems, an equation modified from the 2 Ϫ⌬⌬CT method was developed to calculate the absolute ratio of the target to the reference RNA (equation 4). This modified algorithm does not require extra experimental work compared to the 2 Ϫ⌬⌬CT method but includes the molecular weight of the amplicons and standard curve slopes in its computation. Our results indicated that the basal expression levels of ScDSP mRNA in exponentially growing S. costatum cells were between 1 and 10 mole ⅐ mole 18S rRNA Ϫ1 , which is close to mRNA levels of a constitutive gene, GAPDH, in humans (40) . In addition, Northern hybridization analysis confirmed the pattern generated by Q-RT-PCR, indicating that the absolute ratio method is a reliable algorithm (Fig. 6b and 7) . In the absolute ratio method, a stable expression level of the reference gene is necessary for an accurate evaluation of the expression of a target gene. Although 18S rRNA is generally accepted as a good biomass standard, its expression pattern on a per-cell basis in S. costatum must be examined. Based on the standard curves, an absolute quantification revealed that the cellular levels of 18S rRNA decreased from 1.2 ϫ 10 3 fmol ⅐ 10 6 cells Ϫ1 on day 2 to 0.6 ϫ 10 3 fmol ⅐ 10 6 cells Ϫ1 on day 8 (9). Since the variation was less than twofold, 18S rRNA is definitely a good reference gene for the quantification of ScDSP expression by our absolute ratio method.
Although ScDSP is a newly discovered gene with no homologue in the GenBank database, it should be a widespread gene in the Bacillariophyceae. In a recently decoded genome of a diatom, Thalassiosira pseudonana (2), we found a deduced peptide that was translated from the nucleotide sequence at the positions of 132 to 804 bp in scaffold 334, and it showed a high homogeneity (56.7% identity and 65.4% similarity) with ScDSP. According to the peptide structure prediction results, ScDSP encoded a membrane-bound protein that contained a pair of EF-hand domains to sense changes in intracellular calcium concentrations caused by environmental stimuli. Calcium is a ubiquitous messenger associated with calcium-regulated proteins that elicits numerous intercellular responses (5, 37) . All of the calcium-regulated proteins typically contain EF-hand motifs and an effector domain. When calcium ions bind to EF-hand motifs, the conformation of the peptide changes, which leads to the activation or inactivation of the effector domain and initiation of the signal transduction cascade (29, 31) . In metazoans, it is well established that disruption of intracellular calcium homeostasis can cause cytotoxicity, and this induces a set of calcium-regulated proteins to trigger either apoptotic or necrotic death (22, 33, 34, 36) . To our knowledge, ScDSP is the first calcium-regulated and growth-related protein identified in eukaryotic phytoplankton. The expression pattern of ScDSP was negatively correlated to the growth rate (Fig. 8) , which implies its involvement in an apoptosis-like process in S. costatum. Further support of this deduction comes from the occurrence of nuclear DNA fragmentation in aged algal cultures (Fig. 2 and 3) .
In multicellular organisms, cells undergoing apoptosis display a characteristic pattern of morphological changes including blebbing of the cell membrane and nuclear disintegration. The collapse of the nucleus is associated with the activation of a calcium-dependent endonuclease, which cleaves the nuclear DNA into oligonucleosome length DNA fragments (34) . Therefore, the occurrence of nuclear DNA fragmentation indicates that the self-destruction mechanism in dying S. costatum cells is similar to the apoptosis-like pathway in metazoans (7, 39, 41) . In agreement with this view, Vardi et al. (41) pointed out that oxidative stress promoted nuclear DNA fragmentation in the dinoflagellate Peridinium gatunense and terminated its bloom in Lake Kinneret, Israel. Furthermore, in the Northern Adriatic Sea, TUNEL-labeled cells were observed to increase with the concentration of S. costatum during a bloom event (7) .
Of course, an elevated expression level associated with a decreasing growth rate is not enough to ensure the involvement of ScDSP in an apoptosis-like pathway. Algal cells under stress often activate their compensation and acquisition systems by raising the expression of related genes. For example, La Roche et al. (25) found several proteins that were actively expressed in nitrogen-, phosphorus-, or iron-limited media, and one of these proteins, flavodoxin, has been applied as an indicator to monitor iron deprivation in the marine environment (26) . In Tetraselmis chui, a high-affinity phosphate transporter encoded by TcPHO was obtained from an early-stationary-phase-subtracted cDNA library and showed a high expression level under phosphorus-limited conditions when the growth was slow (9) . Although the possession of calciumbinding motifs makes ScDSP fit the apoptosis scenario well, more-extensive studies are needed to provide a direct link.
With the enhanced expression in the stationary and death phases, ScDSP has the potential to become a superior indicator of physiological state in the ocean. Several molecular markers, such as rbcL (ribulose-1,5-bisphosphate carboxylase/oxygenase) and PCNA (proliferating cell nuclear antigen), have already been applied to evaluate the growth potential of eukaryotic phytoplankton in the field (27, 44) . A common feature of these genes is that they are all more actively expressed when phytoplankton cells are rapidly growing. In this case, ScDSP complements these "exponential markers" by indicating whether a phytoplankton population is going to experience massive cell death soon. Another advantage of using ScDSP is that its mRNA level in the late stationary phase is about 300-fold higher than that in the exponential phase (Fig. 8) , which simplifies data interpretation. Diel variations of ScDSP expression inevitably introduce inconvenience for field application (Fig. 9) . However, the amplitudes of diel rhythms were less than the difference between the exponential and stationary phases. Meaningful results can still be obtained by conducting a 24-h sampling.
